In this paper, a simplified Generalized Code-Shifted Differential Chaos Shift Keying (GCS-DCSK) whose transmitter never needs any delay circuits, is proposed. However, its performance is deteriorated because the orthogonality between substreams cannot be guaranteed. In order to optimize its performance, the system model of the proposed GCS-DCSK with power allocations on substreams is presented. An approximate bit error rate (BER) expression of the proposed model, which is a function of substreams' power, is derived using Gaussian Approximation. Based on the BER expression, an optimal power allocation strategy between information substreams and reference substream is obtained. Simulation results show that the BER performance of the proposed GCS-DCSK with the optimal power allocation can be significantly improved when the number of substreams M is large.
Introduction
Chaotic modulations have been extensively studied where, differing from conventional modulation schemes, a wideband nonperiodic chaotic signal is used as their carrier [Lau & Tse, 2003; Kolumbán, 2000] . Among all the chaos digital modulations, Differential Chaos Shift Keying (DCSK) offers excellent performance for multipath fading or time-varying channels [Kolumbán et al., 1996; Yao & Lawrance, 2006; Yang & Jiang, 2012; Yang et al., 2013 Yang et al., , 2014 . As a simple alternative spreadspectrum communication method [Ye et al., 2005] , the DCSK modulation has high robustness against multipath fading even in a severe multipath transmission environment. Its hardware complexity advantage has motivated considerable interest to design better wireless personal area networks (WPANs) [Chong & Yong, 2008] , Multiple Input Multiple Output (MIMO) and cooperative systems [Fang et al., 2013; Chen et al., 2013; (UWB) communication systems Kolumbán, 2002; Min et al., 2010] . However, as a Transmitted-Reference (TR) transmission scheme, Frequency-Modulated Differential Chaos Shift Keying (FM-DCSK) UWB receiver requires an ultrawideband Radio Frequency (RF) delay circuit which is difficult to implement by low-cost CMOS [Stralen et al., 2002; Casu & Durisi, 2005] . For this reason, some alternative DCSK modulations are proposed [Xu et al., 2011b [Xu et al., , 2012 , which avoid RF delay circuits at the receiver. The Code-Shifted Differential Chaos Shift Keying (CS-DCSK) [Xu et al., 2011b] and Generalized CS-DCSK (GCS-DCSK) [Xu et al., 2012] modulation schemes apply the orthogonal Walsh codes to reference signal and information bearing signals, respectively. In [Kaddoum & Gagnon, 2012] , a high spectral efficiency DCSK system is presented, where chaotic sequences are used instead of the Walsh codes in CS-DCSK. However, it needs synchronization of chaotic sequences, that is a difficult task. In , the authors proposed a Multi-Carrier DCSK (MC-DCSK) scheme which uses different frequency carriers as reference signal and information bearing signals, respectively. It not only avoids the delay circuits at transmitter and receiver but also enhances the data rate of DCSK. However, the mixers for sine wave modulation and demodulation increase the complexity of MC-DCSK.
In the GCS-DCSK [Xu et al., 2012] , a truncated chaos signal was used as the carrier. Although the truncated chaos signal guarantees the orthogonality between the substreams of GCS-DCSK, it results in a complex transmitter which requires multiple delay circuits to delay the truncated chaotic signal. In order to further simplify the transmitter, we propose a simplified GCS-DCSK scheme, referred to as GCS-DCSK-II in this paper, whose transmitter does not need any delay circuits. Then, we derive BER expressions of the proposed system with power allocation on substreams. Since the orthogonality between substreams is not guaranteed in the proposed system, we further improve the performance of the proposed system by optimizing the power allocation on substreams. To improve the performance, using our method in [Xu et al., 2014b] , the optimal power allocation strategies for different number of substreams M are obtained. Then, we evaluate the performance of the proposed GCS-DCSK system with optimal power and equal power allocations, respectively. When the number of substreams M is large, the optimal power allocation strategy obtains significant performance over AWGN and Rayleigh multipath fading channels.
The main contributions of this paper are summarized as follows: (1) We propose an improved GCS-DCSK scheme whose transmitter does not require any delay circuits. (2) We analyze its performance and give a closed BER expression in terms of substream power. (3) To minimize BER, we optimize the power allocation on substreams of the proposed GCS-DCSK. Analysis and simulation results show that the optimal power allocation strategy significantly improves the performance of the proposed GCS-DCSK.
The rest of this paper is organized as follows. Section 2 presents the power allocated system model of the proposed GCS-DCSK. In Sec. 3, the desired power allocation strategy is presented. Numerical simulations are presented in Sec. 4. Section 5 concludes the paper.
System Model
In [Xu et al., 2012] , a Generalized Code-Shifted DCSK (GCS-DCSK) scheme was proposed. In this scheme, a truncated chaos signal with duration T c is adopted as the carrier. For convenient formulation, we denote it as GCS-DCSK-I. We first define two Walsh functions w R (t) and w Im (t) as
where w R,k and w Im,k are the orthogonal Walsh code sequences, rect(t) is a rectangle pulse over the interval [0, T c ] and its energy is normalized to 1. Suppose that c 1 (t) is a truncated chaotic signal over the interval [0, T c ] with energy E 1 = E{c 2 1 (t)}, where E{ } is expectation operator. The chaos signal is invariant in a symbol period T s , but it is changed in different symbol duration. In GCS-DCSK-I [Xu et al., 2012] , the same power P 1 is allocated over reference and all information substreams. Assuming single symbol transmitted, the transmitted signal of GCS-DCSK-I is
where T s = NT c and T c are symbol and frame duration, respectively, M is the number of substreams, N is number of frames in a symbol duration, a m ∈ {−1, +1} is the mth information symbol (m = 1, 2, . . . , M) carried by the mth information substream, which is mapped from information bit b m . The transmitter of GCS-DCSK-I needs delay circuits to delay the truncated chaos signal, which results in high complexity. A simplified GCS-DCSK, denoted by GCS-DCSK-II, is represented in this section. The block diagram of transmitter of the proposed scheme is shown in Fig. 1 . Different from the GCS-DCSK-I, GCS-DCSK-II utilizes a nonperiodic chaotic signal with duration T s as the carrier. Thus the delay circuits used to delay period chaos signal in transmitter of GCS-DCSK-I are avoided. However, its performance will be deteriorated because the orthogonality between substreams cannot be guaranteed. In order to alleviate the effect of substream interference, we study the power allocation on reference substream and information substreams of the proposed GCS-DCSK-II scheme. Our aim is to optimize the power ratio between information substream and reference substream. So we assume that the power of reference substream is P 0 , and the power of all information substreams is P . Let w R and w Im represent reference and the mth substream Walsh code sequences, respectively. So the transmitted signal of GCS-DCSK-II is
where ⊗ is Kronecker product, c 2 (t) is a chaotic signal over the interval [0, NT c ] with energy E 2 = E{c 2 2 (t)}. We assume that the channel is an ideal Additive White Gaussian Noise (AWGN) channel. Then the received signal r(t) is
where n(t) is zero-mean white Gaussian noise with a two-sided power spectral density N 0 /2. The receiver structure of the GCS-DCSK-II is the same as that of GCS-DCSK-I. The block diagram of the pth detector of GCS-DCSK-II receiver is shown in Fig. 2 . Thus, the observation statistic of the pth substream at receiver is computed by
Then, the pth transmitted bit can be retrieved by the decision rulê
Throughout the paper, perfect synchronization is assumed and the synchronization problem will be studied in the future.
Performance Optimization
In this section, we first derive the BER expression of GCS-DCSK-II over AWGN channel. Then we optimize the power allocation on reference and information bearing substreams. Our analysis will proceed in a discrete-time equivalent form. We assume that the sampling rate of the receiver is f s . Thus the number of samples in one frame duration is β = T c f s . The spreading factor (SF = T s f s = Nβ) is the number of samples in one symbol duration. We employ chaos map c j+1 = 1 − 2c 2 j to generate the chaos sequence with sample rate f s . The mean and the variance of c 2 j are E{c 2 j } = 1/2 and Var{c 2 j } = 1/8 [Lau & Tse, 2003 ], respectively. Using the notations discussed above, the discrete-time equivalent of (5) is,
The decision statistic Z p can be expressed as the sum of three items: "signal cross signal", "signal cross noise" and "noise cross noise",
where
c kβ+j n kβ+j (10)
Bit energy E b of GCS-DCSK-II is
We define
Due to the orthogonality of Walsh code sequences, except the last term in (9), expected value of the other terms are approximately zero. Thus, given a p = +1, the conditional mean of [Z s×s ] is
Because signal and noise are statistically independent, we have
Because orthogonality between Walsh code w R and w Ip , we have
Therefore, the conditional mean of Z p is given by
Given a p = +1, the conditional variance of Z s×s can be obtained as
The conditional variance of Z s×n is calculated by,
The conditional variance of Z n×n is [Goeckel & Zhang, 2007] 
Therefore, given a p = +1, the conditional variance of Z p is calculated by
The covariance between Z s×s and Z s×n can be calculated by
Substituting (14) into (21), (21) can be rewritten by 
where ρ(k) = β−1 j=0 c 3 kβ+j n kβ+j , the last equality is because chaos signal c j and noise n j are statistically independent in (22), and the mean of noise is zero. Similarly, the covariance between Z s×s and Z n×n is calculated by
Using the orthogonality of Walsh code, (23) is approximately zero. The covariance between Z s×n and Z n×n is calculated by
E{c kβ+j }E{n
where the last equality is because chaos signal c j and noise n j are statistically independent in (24), and the mean of chaos signal c j is zero.
Substituting (17)- (19), (22)- (24) into (20), the variance of Z p conditioned on a p = 1 is given by
According to Gaussian Approximation (GA) for the random variable Z p under a p = 1 or a p = −1, assuming that transmitted bits are equiprobable, the BER is
where erfc(·) denotes the complementary error function. Substituting E{c 2 j } = 1/2 and Var{c 2 j } = 1/8 into (26), the BER expression can be obtained as
Let λ = P/P 0 , and we define Φ(N 0 /E b , λ) as
Note that minimizing BER = erfc(
For an L-path Rayleigh multipath fading channel with gain α l for the lth path, the instantaneous signal-to-noise ratio (SNR) per bit at the receiver can be written as,
According to [Xia et al., 2004] , the averaged unconditional BER of the systems over multipath fading channel is given by
where f (r b ) is probability density function of the received instantaneous SNR r b , which is independent of λ. Thus, for given r b , M and spread factor Nβ, the optimal ratio λ * is obtained by minimizing the function Φ (r b , λ), which is the same with the AWGN case except for E b /N 0 replaced by r b .
Results and Discussions
To evaluate the effect of the power of substreams on the system performance, the analyzed BER and simulation results of the GCS-DCSK-II system over AWGN and Rayleigh multipath fading channels are illustrated. Figures 3 and 4 depict the BER versus power ratio λ for β = 60 and β = 20, respectively. The real lines show analyzed results from (26) and dots are simulation results. It is shown that the analyzed results are in good agreement with the simulations when β is 60. Figure 4 also shows that the simulation results are not in good agreement with the analysis counterpart when M is large and β is small. This is because the Gaussian Approximation method is accurate only for sufficiently large spreading factor. It also shows that the minimum BERs of different M are almost same for the optimal power allocation scheme, but there are large gaps if the reference and information substreams have equal power (i.e. λ = 1). Thus, the optimal power allocation strategy obtains larger gains for larger M . For example, given β = 60 and E b /N 0 = 15 dB, almost the same minimum BER 2.2 × 10 −3 is obtained, and the corresponding optimal power ratios λ * ≈ 0.0618, 0.1237, 0.2478 for M = 16, 8, 4, respectively. Figure 5 plots the effect of substreams power allocation strategy on BER under an AWGN channel. In this figure, the optimal power ratio λ * is obtained by (29) respectively. The corresponding results of GCS-DCSK-I and GCS-DCSK-II whose reference substream power equals information substreams power are also presented. They are denoted as black dash lines and blue dash-dot lines in Fig. 5 , respectively. When the number of substreams is small, the performance enhancement is limited. For example, the BER curves almost overlay for M = 2. However, the performance gains are obvious when the number of substreams M is large. For example, the BER level can be significantly dropped to 10 −7 with λ = λ * for E b /N 0 = 20 dB, but it is about 10 −2 when the power (λ = 1) is equal in reference substream and information substreams for M = 16. In addition, the performances of power allocated GCS-DCSK-II are better than that of the GCS-DCSK-I whose substreams are orthogonal to each other. The performance comparisons of the GCS-DCSK-II and GCS-DCSK-I over Rayleigh multipath fading channels are illustrated in Figs. 6 and 7. We consider a dense resolvable multipath channel, where each multipath gain is Rayleigh distributed with path average power E{α 2 l }, where
E{α 2 l } = 1. In Fig. 6 , the channel impulse response is a 3-path channel with equal average power gain E{α 2 1 } = E{α 2 2 } = E{α 2 3 } = 1/3, i.e. (L, ε) = (3, 0), and path delay τ 1 = 0, τ 2 = t s , and τ 3 = 2t s , where t s is duration of chaos sample interval. For power allocated GCS-DCSK-II, the optimal power ratios are similar to that under AWGN channel. When the number of substreams is small, for example M = 2, there is almost no performance enhancement. However, the performance gains are enlarged with M increased. For example, when the number of substreams is M = 16, the BER of equal power GCS-DCSK-II and GCS-DCSK-I can only reach about 10 −1 , however, the BER of optimal power allocated GCS-DCSK-II can drop to 10 −3 for E b /N 0 = 25 dB. In Fig. 7 , the channel average power is exponential distribution, i.e. (L, ε) = (3, 0.4), and path delay τ 1 = 0, τ 2 = t s , and τ 3 = 2t s . Similar to equal path average power gain, Fig. 7 apparently shows the superior BER performance of the optimal power allocation strategy over the equal power strategy. It can also be observed that there is no error floor for optimal power allocation.
To understand the effect of synchronization error of Walsh code on BER performance, we plot the BER of GCS-DCSK-II with timing error of Walsh code synchronization in Fig. 8 . We assume that the timing error is a normal distributed random variable with zero mean and variance σ 2 e . Figure 8 shows that the BER is increased with the increasing of timing error variance. When the variance is less than T c /6, the BER gap between perfect synchronization and nonperfect synchronization with timing error is negligible. Although the BER is significantly deteriorated when timing error variance is large, there is no obvious error floor when timing error variance is as large as frame interval of T c . It indicates that the GCS-DCSK-II has good robustness against the timing error. This property will decrease the requirement of timing precision of Walsh code at receiver, thereby relieving the complexity and difficulty of the receiver design.
Conclusion

